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Introduction

This project studied the electrical properties of tissues and other

biological materials at UHF-microwave frequencies. On a macroscopic level

these properties determine (through the electromagnetic field equations) how an

incident electromagnetic field will be diffracted and absorbed by tissue. On a

microscopic level, they reflect the molecular processes that are responsible

for the absorption of energy. Thus, in two quite different senses they provide

direct information about the physical interaction of electromagnetic energy

with biological systems.

As an additional benefit, these properties offer direct information about

the physical properties of water in biological systems, a matter that has long

been a matter of great controversy.

Goals

The specific goals of this project were to:

* Develop instrumentation and methods for the measurement of bulk

electrical (dielectric) properties of biological and nonbiological materials

from 0.1-18 GHz, using the microwave network analyzer:

Study the dielectric properties of materials over this frequency range.

The materials will include tissues, protein solutions and other biological

materials, polymer solutions, "phantom" tissue materials, and other

suspensions.

0° * Interpret these results using theory of heterogeneous dielectrics, to

relate the dielectric properties of these materials to their structure and

composition. Of particular interest are the dielectric properties of water in
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these materials, as they are modified by interfacial effects.

* Study the physical properties of water in biological systems.

* Build up a data base of bulk electrical properties of tissues at UHF-

microwave frequencies for future application.

Results

This project has been extremely successful, and has led to many papers and

conference publications. These publications, listed below, describe the

results in great detail. To summarize:

* We developed instrumentation and methods for the precise measurement of

electrical properties of materials with such diverse physical properties as

soft tissues, bone, as well as solutions and gels, over the frequency range

0.1-18 GHz.

* We analyzed the bulk electrical properties of these materials using

conventional dielectric theories based on mixture theory, viz. the Maxwell and

Hanai mixture equations. The bulk electrical properties of tissues at 0.1-18

GHz are determined principally by the water content of the tissue. A detailed

analysis shows that the dielectric properties of this water are similar to

those of the bulk liquid; however some changes are observed: there is some

broadening of the absorption peak (relative to that of the pure liquid) and a

slight increase in the mean of the dielectric relaxation time. These changes

can be interpreted as arising from interfacial effects, in which the water
ci

within one or two monolayers of surfaces within the sample exhibit rotational

relaxation times that are longer than in the bulk liquid by a factor of ten or

so.
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* We studied and compared the dielectric properties of various

suspensions and solutions: microemulsions, protein solutions, various polymer

solutions. In all cases, the dielectric properties from 0.1-18 GHz were

chiefly determined by the water content, with quite similar changes attributed

to interfacial water.

* We extended these studies to include a range of other transport

properties in these same materials. The transport properties we measured were

water self-diffusion (by NMR techniques), thermal conductivity (by a specially

constructed apparatus), and electrical conductivity. All of these properties

are subject to the same mixture theory, yet they reflect quite different

I:' combinations of rotational and translational correlation times at the molecular

level. Thus, a comparison of these properties allows some separation of

kinetic from geometrical variables in interpreting the data.

* We compared these different transport properties using the simple

Maxwell mixture theory. We found that all of these properties deviated from

predictions of the Maxwell theory, but can be interpreted by the assumption

that the water within a monolayer or so of surfaces is hindered in its mobility

(as reflected in its various correlation times) by a factor of ten or so. The

fact that extent of this reduction in mobility does not appear to depend on the

nature of the surface (and was even observed in suspensions with solvents!)
e.

suggests that this a result of a physical effect rather than a chemical

affinity between the interfacial water and the solvent (the so-called "bound

water" effect).

3
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The "bottom line" of these studies is that water in tissues and other

biological materials shows pronounced interfacial effects due to presence of

surfaces in contact with the water, but the extent of these effects does not

seem to depend strongly on the nature of the surfaces themselves. Similar

differences are found in a wide variety of nonbiological (and even nonaqueous

suspensions as well. These effects are similar to changes in transport

properties that have been reportea by many other investigators and attribute".

to "bound water". However, a more careful analysis, based on the large set C.

diverse results obtained in this study, suggests that the underlying mechanis,

might be a physical hindering of the solvent due to the presence of relativel-

*- immobile surfaces, not a chemical binding between water and solid.

The mechanisms for absorption of microwave energy in tissues thus are

similar to those in other high water content materials: dipolar loss in the

water and ionic conduction by dissolved ions. This work has shown the

usefulness of comparative studies of different transport phenomt;na in the st,:

of effects of interfaces on solvent properties.
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Graduate Students Supported

Several graduate students have been wholly or partially supported by this

project:

Erik Cheever

Benjamin R. Epstein

Amanda Hill

Jeffrey Kosterich

Jonathan B. Leonard

Jonathan Schepps

Susan Rae Smith

I note that Drs. Epstein and Schepps are working with industry as microwave

engineers directly or indirectly on important aspects of the Navy AEGIS

project.

Other Pertinent Information

K. R. Foster was recently elected Fellow of the IEEE for "contributions to

determining the mechanisms of interactions between electromagnetic fields and

biological systems". Most of the work leading to this award was supported bv

this Contract.
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Papers and Presentations of Work Supported Entirely or In Part by this

Contract:

SEMINARS/LECTURES/PRESENTATIONS

The state of water in tissue as determined by microwave dielectric
spectroscopy. Baylor University, Department of Physiology, September

1980.

9Dielectric properties of tumor and normal tissues. University of Ottawa,

Department of Electrical Engineering, July 1981.

Dielectric properties of tissues and heterogeneous suspensions. Talk

presented to the Bureau of Radiological Health, Food and Drug
Administration, Rockville, MD, December 1981.

On the possible hazards of VLF radiation. Talk presented to a Workshop

on VLF Radiation Hazards, Naval Medical Research and Development
Command, Bethesda, MD, December 1981.

Dielectric properties of dispersed systems. Rice University, Department

of Physics, May 1982.

Dielectric properties of biological materials at microwave frequencies.

Drexel University, Center for Bioengineering, January 1983.

Mixture theory and transport properties of phantom tissue materials.

HPC Working Group Meeting on Hyperthermia Phantoms, Allegheny Hospital,

Pittsburgh, PA, February, 1984.

Transport properties of heterogeneous systems. NATO Advanced Research School,

Erice, Sicily, September 1984.

Transport properties of heterogeneous systems. (Invited Speaker) Argentine
Dielectrics Discussion Group, La Plata, Argentina, August 1985.
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PAPERS PRESENTED AT PROFESSIONAL MEETINGS

The electrical resistivity of aqueous cytoplasm. K. R. Foster, J. M. Bidinger
and D. 0. Carpenter. Presented at the Biophysical Society 20th Annual
Meeting, Seattle, WA, February 1976.

Bounds on bound water: transverse and rotating frame NMR relaxation in
barnacle muscle. H. A. Resing, A. N. Garroway, and K. R. Foster.
Presented at the American Chemical Society Centennial Meeting, San
Francisco, CA, September 1976.

Free water and the microwave conductivity of tissue. H. P. Schwan and K. R.
Foster. Presented at the USNC/URSI Annual Meeting, Amherst, MA, October
1976.

Effect of surface cooling and blood flow on the microwave heating of tissue.
H. N. Kritikos, K. R. Foster and H. P. Schwan. Presented at the IEEE
Microwave Symposium, San Diego, CA, June 1977.

Temperature rise in tissue spheres induced by microwave radiation: a Greens
function approach. H. N. Kritikos, K. R. Foster and H. P. Schwan.
1978 Symposium on Electromagnetic Fields, Ottawa, Canada, June 1978.

Dielectric properties of brain tissue between 0.01 and 7 GHz. K. R. Foster,
R. D. Stoy and H. P. Schwan. URSI Meeting, Helsinki, Finland, August
1978.

Tissue impedance measurements using the microwave network analyzer. J. L.
Schepps, A. W. Friend,Jr. and K. R. Foster. URSI National Radio Symposium,
Seattle, WA, June 1979.

Microwave dielectric absorption of muscle tissue: evidence for multiple
absorption mechanisms between I and 18 GHz. K. R. Foster, J. L. Schepps
and H. P. Schwan. International IEEE Symposium, Seattle, WA, June 1979.

The state of water in tissues as indicated by microwave dielectric spectro-
* scopy. K. R. Foster, J. L. Schepps and H. P. Schwan. International Con-

ference on Water and Biological Systems, Bucharest, Romania, June 1980.

UHF and microwave dielectric properties of tissues: variation in tissue
dielectric properties with water content. K. R. Foster and J. L. Schepps.
Seccnd Annual Meeting of the Bioelectromagnetics Society, San Antonio,

* TX, September 1980.

*Microwave dielectric studies on tissues and heterogeneous materials. Sym-

posium Honoring H. P. Schwan's 65th Birthday, Philadelphia, PA, November,
1980.
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Heat transfer in surface-cooled objects subject to microwave heating. K. R.
Foster, P. S. AY)Aswamy, T. Sundararajan and K. Ramakrishna. Third Annual
Meeting of the Bioelectromagnetics Society, Washington, DC, August 1981.

*UHF and microwave dielectric properties of normal and tumor tissues. J. L.

Schepps and K. R. Foster. IMPI 16th Annual Symposium, Toronto, Canada,
June 1981.

Anisotropic impedance properties of skeletal muscle. B. R. Epstein, R. G.
Settle and K. R. Foster. 9th Annual Northeast Bioengineering Conference,
Piscataway, NJ, March 1981.

Dielectric dispersion studies on nonionic microemulsions. K. R. Foster,
P. C. Jenin, B. R. Epstein and R. A. Mackay. Colloid and Surface
Symposium, Cleveland, OH, June 1981.

The effects of high power microwave pulses on red blood cells. S. L. Gartner,
A. W. Friend, K. R. Foster and H. Howe Jr. IEEE-MTT Symposium, Los
Angeles, CA, July 1981.

Dielectric properties of bone under near-normal physiological conditions.
* J. D. Kosterich, K. R. Foster and S. R. Pollack. First Annual Bioelectric

Growth and Repair Symposium, Philadelphia, PA, September 1981.

Dielectric studies on ionic and nonionic microemulsions. B. R. Epstein, K. R.
Foster and R. A. Mackay. 56th National Colloid and Surface Science

Symposium, Blacksburg, VA, June 1982.

Dielectric properties of fluid saturated bone. J. D. Kosterich, K. R. Foster
and S. R. Pollack. Fourth Annual Meeting of the Bioelectromagnetics

Society, Los Angeles, CA, July 1982.

Dielectric studies on ionic and nonionic microemulsions. B. R. Epstein, K. R.
Foster and R. A. Mackay. Fourth Annual Meeting of the Bioelectromagnetics

Society, Los Angeles, CA, July 1982.

Dielectric properties of DNA at microwave frequencies. K. R. Foster, M. A.
Stuchly and A. A. Kraszewski. Fourth Annual Meeting of the Bioelectro-
magnetics Society, Los Angeles, CA, July 1982.

Dielectric properties of fluid saturated bone: the effects of fluid conduc-
tivity. J. D. Kosterich, K. R. Foster and S. R. Pollack. 29th Annual
Orthopaedic Research Society Annual Meeting, Anaheim, CA, March 1983.

Perfused phantom tissue models for hyperthermia research. J. W. Baish, P. S.
• Ayyaswamy and K. R. Foster. 31st Annual Meeting of the Radiation Research

Society, San Antonio, TX, February 1983.
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Dielectric absorption of bound water and its relation to other transport
properties of polymer solutions. E. Cheever, K. R. Foster, J. B. Leonard
and F. D. Blum. 5th Annual Meeting of the Bioelectromagnetics Society,

Boulder, CO, June 1983.

'.,, .Transport properties of O/W microemulsions. K. R. Foster, E. Cheever, J. B.
Leonard, F. Blum, and R. A. Mackay. American Chemical Society Annual

Meeting, Washington, DC, August 1983.

Multicomponent diffusion in microemulsions. E. Cheever, K. R. Foster, F.
Blum, and R. A. Mackay, American Chemical Society Annual Meeting,
Washington, DC, August 1983.

Thermal properties of tissue-equivalent electromagnetic phantoms. J. B.
Leonard, K. R. Foster, and T. Whit Athey, 5th Annual Meeting of the
Bioelectromagnetics Society, Boulder, CO, June 1983.

Dielectric properties of water in biological systems. H. P. Schwan and K. R.
Foster, Conference on Biophysical Correlates of Cellular Function,
Woodlands, TX, June 1983.

Mixture theory and transport properties of phantom tissue materials. K. R.

Foster, HPC Working Group Meeting on Hyperthermia Phantoms, Allegheny
Hospital, Pittsburgh, PA, February 1984.

/ Perfused phantom tissue models for microwave research. J. W. Baish, P. S.
Ayyaswamy, and K. R. Foster, HPC Working Group Meeting on Hyperthermia
Phantoms, Allegheny Hospital, Pittsburgh, PA, February 1984.

Electrical properties of low water content tissues. S. R. Smith and K. R.
Foster, Sixth Annual Meeting of the Bioelectromagnetics Society, Atlanta
GA, July 1984.

Development of phantom tissue models for hyperthermia research, J. W.
Baish, K. R. Foster, and P. S. Ayyaswamy, Eleventh Northeast Bioengineering
Conference, Worcester MA, March 1985

Low frequency relaxation of suspensions of charged particles in
electrolyte solution. C. Grosse and K. R. Foster, 13th Northeast

* Bioengineering Conference, Philadelphia PA March 1987.

The use of coaxial probes for precise dielectric measurements: a
reevaluation. B. R. Epstein, M. A. Gealt, and K. R. Foster. IEEE-MTT-S

Microwave Symposium, Las Vegas NV, June 1987.
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PUBLICATIONS IN REFEREED JOURNALS/TRANSACTIONS

Microwave dielectric properties of tissue: some comments on the rotational
mobility of tissue water. H. P. Schwan and K. R. Foster.
Biophys. J., Vol: 17, Pages 193-197, 1977.

"Bound water" in barnacle muscle as indicated by nuclear magnetic resonance
studies. (Technical Comment) H. A. Resing, K. R. Foster and A. N.
Garroway.
Science, Vol: 198, Page 1180, 1977.

Effect of surface cooling and blood flow on the microwave heating of tissue.
K. R. Foster, H. N. Kritikos and H. P. Schwan.
IEEE Transactions on Biomedical Engineering, Vol: BME-25, Pages 313-

316, 1978.

Temperature profiles in spheres due to electromagnetic heating. H. N.
* Kritikos, K. R. Foster and H. P. Schwan. Proceedings of the 1978 Symposium

on Electromagnetic Fields in Biological Systems, Pages 271-298, 1978.

Dielectric properties of brain tissue between 0.01 and 10 GHz. K. R.
Foster, J. L. Schepps, R. D. Stoy, and H. P. Schwan.
Phys. Med. Biol., Vol: 24, Pages 1117-1187, 1979.

*RF-field interactions with biological systems: electrical properties

and biophysical mechanisms. H. P, Schwan and K. R. Foster.
Proc. IEEE, Vol: 68, Pages 104-113, 1980.

Microwave dielectric relaxation in muscle: a second look. K. R. Foster,
J. L. Schepps and H. P. Schwan,
Biophys. J., Vol: 29, Pages 271-281, 1980.

bHF and microwave dielectric properties of normal and tumor tissues:
variation in dielectric properties with tissue water content. J. L.

* Schepps and K. R. Foster.
Phys. Med. and Biol., Vol: 25, Pages 1149-1159, 1980.

Dielectric properties of tumor and normal tissues at RF through microwave
frequencies. K. R. Foster and J. L. Schepps.
J. Microwave Power, Vol: 16(2), Pages 107-119, 1981.

.riation of dielectric properties of tissues as a function of water content.
Studia Biophysica, Vol: 84, Pages 31-33, 1981.
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Temperature profiles in spheres due to electromagnetic heating. H. N.
Kritikos, K. R. Foster and H. P. Schwan.
J. Microwave Power, Vol: 16(3-4), Pages 327-344, 1981.

The effects of high power microwave pulses on red blood cells and the rela-
tionship of transmembrane thermal gradients. A. W. Friend, Jr., S. L.

Gartner, K. R. Foster and H. Howe, Jr.
IEEE Trans. Microwave Theory and Techniques, Vol: MTT-29, Pages 1271-1277,
1981.

*Micrcave dielectric studies on proteins, tissues, and heterogeneous

suspensions. K. R. Foster, J. L. Schepps and B. R. Epstein.
Bioelectromagnetics, Vol: 3, Pages 29-44, 1982.

Dielectric studies on nonionic microemulsions. K. R. Foster, B. R. Epstein,
P. C. Jenin and R. A. Mackay.
J. Colloid. Interface Sci., Vol: 88(1), Pages 233-246, 1982.

Dielectric properties of mammalian tissues from 0.1 to 100 MHz: a summary of
recent data. R. D. Stoy, K. R. Foster and H. P. Schwan.
Phys. Med. and Biol., Vol: 27, Pages 501-513, 1982.

Dielectric permittivity and conductivity of fluid saturated bone. J. D.
Kosterich, K. R. Foster and S. R. Pollack.
IEEE Transactions on Biomedical Engineering, Vol: BME-30, Pages 81-86,
1983.

Anisotropy in the dielectric properties of skeletal muscle. B. R. Epstein
and K. R. Foster.
Medical and Biological Engineering and Computing, Vol: 21, Pages 51-55,
1983.

Microwave dielectric properties of ionic and nonionic microemulsions. B. R.
Epstein, K. R. Foster and R. A. Mackay.
J. Colloid. Interface Sci., Vol: 95, Pages 218-227, 1983.

Microwave 4electric absorption of DNA in aqueous solution. K. R. Foster,
M. A. Stuchly, A. Kraszewski and S. S. Stuchly.
Biopolymers, Vol: 23, Pages 593-599, 1984.

Dielectric properties of fluid saturated bone: effect of variation in
conductivity of immersion fluid. J. D. Kosterich, K. R. Foster and S. R.
Pollack.

IEEE Transactions on Biomedical Engineering, Vol: BME-31, Pages 36Q-374,
1984.

Transport properties of polymer solutions. A comparative approach. K. R.
P% Foster, E. Cheever, J. B. Leonard, and F. D. Blum,

Biophysical J., Vol: 45, Pages 975-984, 1984
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Transport properties of O/W microemulsions. K. R. Foster, E. Cheever, J. B.
Leonard, F. Blum and R. A. Mackay.
in Macro- and Microemulsions. Theory and Practice, ACS Symposium Series,
Number 272 (American Chemical Society, N. Y., 1985) Pages 275-286, 1985.

Self-diffusion of water in ionic and nonionic microemulsions. E. Cheever,

F. D. Blum, K. R. Foster and R. A. Mackay.
J. Colloid. Interface Science, Vol: 104, Pages 121-129, 1985.

Dielectric properties of low-water content tissues. S. R. Smith and K. R.
Foster.
Physics in Medicine and Biology, Vol: 30, Pages 965-973, 1985.

Solvent self-diffusion in polymer solutions. F. D. Blum, S. Pickup and K. R.
Foster.
J. Colloid and Interface Science, Vol: 113(2), Pages 336-341, 1986.

Permittivity of a suspension of charged spherical particles in electrolyte
solution.

C. Grosse and K. R. Foster.
J. Physical Chemistry, Vol: 91, Pages 3073-3076 (1987).

The influence of bulk diffusion on the counterion polarization in a
condensed counterion model.
C. Grosse and K. R. Foster.
J. Physical Chemistry (in press).

"Resonances" in the dielectric absorption of DNA?

K. R. Foster, B. R. Epstein, and M. A. Gealt
Biophysical Journal Vol: 52, Pages 421-425 (1987).

Permittivity of suspensions of metal particles in electrolyte solutions.

C. Grosse, A. J. Hill, and K. R. Foster
J. Colloid and Interface Sci. (in press).

BOOK CHAPTER

Dielectric properties of tissues - a review. K. R. Foster and H. P. Schwan,
* in Handbook of Biological Effects of Electromagnetic Radiation, C. Polk

and E. Postow, eds. (CRC Press, 1986).

BOOK EDITED

6 Transactions of 13th Northeast Bioengineering Conference (1987)
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